Introduction Diets high in cruciferous vegetables are associated with lower risk of incidence of prostate cancer, including aggressive forms of this disease. Human intervention studies with cruciferous vegetable-rich diets also demonstrate modulation of gene expression in important pathways in prostate cells. Purpose Sulforaphane is a constituent of these foods postulated to harbor the anti-neoplastic activity based on multiple tumor models. Our own work demonstrates that sulforaphane inhibits AR signaling in prostate cancer cells. Here, we report results from the first clinical trial of sulforaphane-rich extracts in men with prostate cancer. Methods We treated 20 patients who had recurrent prostate cancer with 200 μmoles/day of sulforaphane-rich extracts for a maximum period of 20 weeks and determined the proportion of patients with ≥50 % PSA declines, the primary endpoint. Only one subject experienced a ≥50 % PSA decline. Thus, the primary endpoint was not achieved. Seven patients experienced smaller PSA declines (<50 %). There was also a significant lengthening of the on-treatment PSA doubling time (PSADT) compared with the pre-treatment PSADT [6
Introduction
Prostate cancer is the most common cancer in men in the United States and the second-leading cause of cancer-related mortality. [1] This underscores the urgent need to identify new approaches to prevent and treat this disease. Epidemiological data suggest that men who consume diets high in cruciferous vegetables have a lower risk of developing prostate cancer, including locally-advanced forms of this disease. [2] [3] [4] Additionally, prospective studies with diets rich in the cruciferous vegetable broccoli demonstrate modulation of expression of genes in important pathways in prostate tissue in subjects without cancer. [5] Sulforaphane is an isothiocyanate compound found in these foods, and sulforaphane treatment has anti-tumor activity in pre-clinical cancer models, including prostate cancer. [6] [7] [8] [9] [10] We previously determined that sulforaphane suppresses expression of the androgen receptor (AR) protein, the central signaling pathway in prostate cancer; this effect was due to inhibition of the cytoplasmic protein deacetylase HDAC6. [9] Additionally, others have demonstrated that sulforaphane also inhibits nuclear HDAC proteins whose primary substrates are histones. [10, 11] Moreover, studies with sulforaphanecontaining broccoli sprouts in normal human volunteers demonstrated inhibition of HDAC function in peripheral blood mononuclear cells (MCs) in several subjects. [10] However, the anti-tumor activity, pharmacokinetics, and pharmacodynamics of sulforaphane in men with prostate cancer were unknown.
Sulforaphane is excreted as a glutathione conjugate, a product of glutathione S transferase M1 (GSTM1) enzymemediated metabolism among other enzymes. [12] Nearly half of individuals do not express GSTM1 due to homozygous deletion of the gene. [13] There is conflicting data from epidemiological studies on the role of GSTM1 genotype on the modulation of prostate cancer risk with consumption of diets high in cruciferous vegetables. [14, 15] Further, prior studies in normal human volunteers demonstrate that individuals with GSTM1 null genotypes have higher area under the curve (AUC) than GSTM1 intact individuals when fed sulforaphane-containing foods. [16] Another study demonstrated differences in modulation of gene expression in prostatic tissue based upon GSTM1 genotype. [5] However, the effect of GSTM1 genotype on metabolism of the sulforaphane extracts studied herein remained unknown.
In this single arm trial, we investigated the anti-tumor efficacy, safety, pharmacokinetics, and pharmacodynamics of daily treatment with 200 μmoles of sulforaphane-rich broccoli sprout extracts in 20 men with biochemical (PSA) recurrence. The selected dose was chosen because pilot data demonstrated that treatment with this dose of these extracts led to low micromolar intra-prostatic concentrations of sulforaphane (personal communication P Talalay and J Fahey) similar to those that lead to anti-tumor activity in prostate cancer cells in pre-clinical studies. [9] Second, prior studies of shorter duration with similar doses of these extracts also showed tolerability and safety. [17, 18] Finally, it was not feasible to treat with higher doses of these sulforaphane-rich extracts. This is because the necessary preclinical animal toxicological studies required for dose escalation clinical trials had not yet been completed.
Materials and methods

Patients
All subjects had pathologically confirmed prostate adenocarcinoma that had been treated with a prostatectomy or radiation. All patients had biochemical (PSA-only) recurrence after local therapy with study inclusion determined using a protocol-specific Prostate Cancer Working Group 2 (PCWG2) criteria for increasing PSA. [19] The absence of metastases prior to study entry was confirmed in all subjects by bone scans and either CT scans or MRI scans. All patients had three rising PSA values, with the most recent PSA at a minimum of 1 ng/ml for post-surgical patients and a minimum of 2 ng/ml for post-radiotherapy patients. Prior androgen deprivation therapy was allowed as long as the patient did not progress while on therapy, and all patients had a non-castrate testosterone level at the time of enrollment. [19] Baseline characteristics for all subjects are shown in Table 1 . The study was approved by Oregon Health & Science University's Institutional Review Board, and all patients provided written informed consent. The study was registered on clinicaltrials.gov (NCT01228084) prior to enrollment of the first subject.
Study design
We conducted a single arm trial of sulforaphane-rich broccoli sprout extracts in 20 patients with biochemical recurrence. Patients were instructed to take 200 μmoles (four capsules) of sulforaphane extracts daily by mouth prior to their morning meal for up to 20 weeks. Dosing compliance was monitored If the adverse event resolved to ≤Grade 1 within 14 days, patients were to resume study treatment with a 50 % dose reduction. Only one dose reduction was permitted. Other systemic therapies for prostate cancer were not allowed on study. Serum PSA was measured every 4 weeks during the 20 week treatment period. PSA progression was not a criterion for study discontinuation. All subjects were scheduled for a post-study visit within 28 days of completing therapy.
Antitumor activity
The primary endpoint was the proportion of patients who experienced a ≥50 % decline in PSA levels within 20 weeks of sulforaphane treatment.
Secondary endpoints included percent change in PSA from baseline, the effect of polymorphisms in the GSTM1 enzyme, and pharmacodynamic measurements of HDAC inhibition in MCs. Finally, we also analyzed pre-vs. on-treatment PSA trajectory [log 2 (PSA) rate of change] to determine PSA doubling time (PSADT).
Safety
Side effects and laboratory values that were deemed clinically significant were graded based on the NIH CTEP Common Terminology Criteria for Adverse Events Version 4.0 [CTCAE v4.0 (http://ctep.cancer.gov)]. We measured complete blood counts (CBC) with platelet and automated differential, complete metabolic panels (CMP), TSH levels, and testosterone at screening and weeks 1, 5, 9, 13, 17, and 21, and 14-30 days after the final dose. Testosterone levels were confirmed to be non-castrate (>150 ng/dL) in all subjects prior to enrollment.
Blood collection
Blood samples were drawn from all patients' IV catheters at baseline and at the following times post-dose: 0.25, 0.5, 0.75, 1, 2, 4, 6, 8, and 10 h. Peripheral blood MC fractions were isolated at the same timepoints. Plasma samples for pharmacokinetic analysis were centrifuged in lithium heparin-coated BD Vacutainer tubes for 10 min at 1200 x g at 25°C. Plasma was aliquoted and frozen on dry ice within 30 min of collection and stored at −80°C.
Pharmacodynamic assays
Blood samples for MC fractions were collected in EDTAcoated BD Vacutainer tubes. Diluted blood was fractionated using Ficoll-Paque PLUS (Stemcell Technologies cat #07967), according to the manufacturer's instructions and using a single wash step. MC pellets were washed in 1× SigmaFast protease inhibitor cocktail (Sigma cat #S8820), and stored at −80°C. Protein lysates were prepared from these pellets in RIPA buffer with 1× protease inhibitor. Histone acetylation and levels of the control beta-actin were assayed by SDS-PAGE and Western blotting (rabbit anti-acetylated histone H3, Millipore cat #06-599, mouse anti-beta-actin, Sigma cat #A5441).
GSTM1 genotyping
Whole blood was collected for GSTM1 genotyping. DNA was extracted using the Gentra Puregene Blood Kit (Qiagen cat #158445) according to the manufacturer's instructions. GSTM1 genotype was determined by PCR using primers and conditions described previously [20] on 25 ng of genomic DNA. PCR products for GSTM1 and B-globin loading control were resolved by agarose gel electrophoresis.
Each patient was classified as GSTM1 genotype intact (at least one GSTM1 allele present) if a band was present in the PCR reaction vs. GSTM1 null (homozygous deletion) if a band was absent in the PCR.
Preparation of sulforaphane-rich broccoli sprout extracts
Preparation of extracts was essentially as described previously. [21] [22] [23] [24] Briefly, broccoli (Brassica oleracea var. italica) sprouts were grown from selected seeds with adequate levels of glucoraphanin (GR; the precursor of sulforaphane) to yield 3-day-old fresh green sprouts with levels of at least 6 μmol of GR per gram. Seeds were surface-disinfected, and grown in a commercial green-sprouting facility that adheres to U.S. Food and Drug Administration (FDA)-mandated sanitary regulations for sprout production. After 3 days of growth in which water and light were the only inputs, an aqueous extract was prepared in a steam-jacketed kettle at a food processing facility (Oregon Freeze Dry, Albany, OR). Sprouts were plunged into boiling deionized water and maintained at >95°C for 30 min, and the sprout residues removed by filtration. The aqueous extract containing~5 μmoles of GR per ml was cooled to 37°C, and treated with myrosinase, an enzyme released from a small amount of daikon (Raphanussativus) sprouts, for 4 h in order to convert the GR to sulforaphane. The levels of total isothiocyanate, sulforaphane, and residual GR were then quantified by cyclocondensation [25] and by direct HPLC, respectively. [24, 26] The hydrolyzed aqueous extract was frozen rapidly, and lyophilized in industrial freeze-driers at Oregon Freeze Dry. The bulk powders were reanalyzed, bioassayed to determine induction potency for nicotinamide quinone oxidoreductase (NQO1) activity, tested for microbial contaminants, shipped to Johns Hopkins University (Baltimore, MD) and stored in sealed bags in a locked, dedicated freezer until use. [27] Confirmatory microbiological analyses (e.g., total aerobic plate count, yeast, mold, absence of specific pathogens) were performed by a commercial laboratory (Eurofins -Strasberger and Siegel, Hanover, MD), as were a suite of chemical analyses (in order to fully characterize and ensure against unintentional contaminants), all according to standard methods. Before clinical use, the sulforaphane-rich broccoli sprout extracts were re-analyzed for sulforaphane content. Doses of the powder were aliquoted by a commercial pharmacy (ALFA Pharmacy, Columbia, MD) into opaque, purple gel-caps delivering 218 mg of powder (containing 50 μmol sulforaphane) per gel-cap, and stored in dry conditions in the presence of desiccant, at (−20°C) until delivery to subjects.
LC-MS/MS analysis of sulforaphane
Chemicals and reagents
The sulforaphane standard was purchased from Toronto Research Chemicals (North York, Ontario, Canada). Blood products were purchased from BioReclamation (www. Bioreclamation.com). Methanol and water (GC-MS grade) were obtained from Burdick and Jackson (Muskegon, MI). Sample vials were obtained from Sun Sri (a subdivision of Fisher Scientific, Rockwood, TN). Formic acid was from J.T. Baker (Phillipsburg, NJ), and 0.45 μm sample spin filters were from Millipore Corp. (Bedford, MA).
Preparation of sulforaphane and metabolite calibrators and blood samples
Sulforaphane and metabolite standards were prepared by dissolving compounds in methanol at 1 mg/ml and making appropriate dilutions in methanol before adding known concentrations of all compounds in relevant concentrations. The internal standard, sulforaphane-NAC-d 3 in methanol was diluted to 1 ng/10 μl and added to each sample and standard. All plasma and standards were stored at −80°C.
Aliquots (100 μl) of plasma were placed into an 1.7 ml Eppendorf tube and 10 μl of the internal standard in methanol was added. At the same time the naïve plasma samples were spiked with both the internal standard and the pre-diluted standard curve stocks. The standard curve concentrations prepared ranged from 0 to 20 ng/ml. The lower limit of detection as judged by a signal to noise of 3:1, was 0.5 ng/ml and the lower limit of quantification was 2 ng/ml, exhibiting a signal to noise of 10:1 and a relative standard deviation of replicate samples of less than 20 %. All samples were acidified with 5 μl of 88 % formic acid and touch vortexed before 300 μl of ice cold methanol was added to all tubes. Tubes were then vortexed on a hands-free pulsing vortexer for 1 min.
The samples were then placed on ice for 15 min, then centrifuged at 10,000 x g for 15 min at 4°C. 200 μl of clear supernatant was removed and placed into a glass tube and dried at 35°C for 25 min under reduced pressure. The residue was dissolved in 100 μl of 0.1 % formic acid in water, vortexed and then briefly spun to aide in recovery of the sample and transferred to Millipore spin filters. The spin filters were centrifuged at 10,000 x g for 5 min at 4°C. The filtered samples were then pipetted into 200 μl inserts in autosampler vials and analyzed by liquid chromatography tandem mass spectrometry (LC-MS/MS).
LC-MS/MS analysis
The methods for LC-MS/MS analysis were adapted from the methods of Al Janobi [28] and Clarke. [29] Plasma samples were acidified with formic acid after the addition of internal standard, sulforaphane-NAC-d 3 , followed by three volumes of ice cold methanol. Following centrifugation the supernatant was dried, and the residue was dissolved in 100 μl of 0.1 % formic acid in water and analyzed by LC-MS/MS. Chromatographic separation was achieved using a Shimadzu Prominence high performance liquid chromatography (HPLC) system with autosampler and column oven interfaced to an Applied Biosystems/SCIEX Q-TRAP 5500 hybrid triple quadrupole/linear ion trap mass spectrometer instrument. HPLC separation of sulforaphane was done using a Hypersil Gold column (2.1×100 mm, 3 μm) (ThermoFisher) with a mobile phase of 0.1 % formic acid (A) and methanol with 0.1 % formic acid (B) at a flow rate of 0.3 ml/min and kept at 30°C. Solvent B was increased from 5 to 43 % over 10 min, then increased to 90 % over 1 min, held at 90 % for 1 min, then decreased to 5 % over 1 min, and then held at 5 % for 5 min to re-equilibrate. Analytes were detected using multiple reaction monitoring (MRM). The MRM transitions monitored were: m/z 178/114 for sulforaphane; m/z 341/178 for sulforaphane-N-acetylcysteine (sulforaphane-NAC); m/z 484.9/179 for sulforaphane glutathione (sulforaphane-GSH); m/z 299/136 for sulforaphane cysteine (sulforaphane-CYS); and m/z 344/178 for sulforaphane-NAC-d3. Data were acquired and analyzed using Analyst 1.5.1 software. The lower limit of detection as judged by a signal to noise of 3:1 was 0.5 ng/ml, and the lower limit of quantification was 2 ng/ml, exhibiting a signal to noise of 10:1 and a relative standard deviation of replicate samples of less than 20 %.
Pharmacokinetic analysis
For determination of pharmacokinetic parameters, plasma s ul f o r ap h a ne c o n ce n t r a t i o n s w e r e a n a l y ze d b y noncompartmental methods using WinNonLin (v6.1; Pharsight, Mountain View, CA). Maximum plasma concentrations (C max ) and time to maximum concentration (T max )
were observed values. AUC was calculated from time zero to 10 h (AUC 0-t ) using the linear trapezoidal rule and then extrapolated to infinity (AUC 0-∞ ) which provides a more accurate calculation of drug clearance. [30] AUC 0-∞ is measured as a sum of AUC 0-t and 'excess area' which is computed as a ratio of last observed concentration (Clast) to terminal elimination rate constant (λ z ). Drug half-life (t 1/2 ), oral clearance (CL), and volume of distribution (V D ) were estimated using standard pharmacokinetic calculations (t 1/2 =0.693/λ z , CL=dose/AUC 0-∞ ; V D =CL//λ z ).
Statistical analysis
A sample size of 20 patients was chosen to provide >90 % power to detect 20 % (desired) vs. 1 % PSA response (≥50 % PSA decline) rate using a binomial test with one-sided 5 % significance level. This endpoint was chosen based upon previous placebo-controlled trials in this disease state that did not show ≥50 % PSA declines with placebo treatment. [31, 32] Given the toxicities and lack of known survival benefit with hormonal therapy, a PSA response rate of 20 % was considered promising.
An intent-to-treat population included all patients who signed the study consent form and were enrolled in the study. A response evaluable population includes patients with at least one PSA value available on-study to measure response. The response evaluable population was used for the analysis of primary and secondary endpoints. A safety analysis population included patients who took at least one dose of the study drug.
We summarized demographic and clinical characteristics of patients using descriptive statistics (proportion, mean, standard deviation, median, range). A binomial distribution was used to estimate the proportion of PSA response with their exact confidence intervals. Waterfall plots were used to demonstrate the maximal decline in PSA on-study compared to baseline for each subject. [19] A mixed effects model was used to examine PSADT prior to and while on study. Specifically, a linear regression model was fitted to each patient's log 2 (PSA) values, allowing random intercept and slopes (pre-study slope and on-study slope). The predicted slopes were obtained for the group, as well as for each individual patient. PSADT was estimated by the reciprocal of the predicted slopes for each individual patient. Predicted pre-and on-study slopes were then correlated with GSTM1 genotype and histone acetylation response using Wilcoxon rank sum test and with PK parameters using Spearman correlation coefficient.
Fisher's exact test was used to assess an association between PSA decline while on study and histone acetylation response. Wilcoxon rank sum test was used to determine differences in PK/PD parameters between GSTM1 null vs. intact genotypes.
Toxicity data were tabulated and summarized for each major organ category and graded according to CTCAE v4.0.
Results
Patient characteristics and disposition
Twenty patients were enrolled on this study, which met its accrual goal. Table 1 contains the demographic information. Sixteen patients completed the full 20 weeks of treatment. Two patients discontinued treatment at the discretion of the treating investigator due to rising PSA levels and two patients discontinued study treatment due to gastrointestinal (GI) side effects or inability to comply with required study visits.
Efficacy
PSA was measured every 4 weeks while on study. Figure 1 shows the maximal PSA decline during study treatment using a waterfall plot. Only one subject (5 %) achieved a ≥50 % PSA decline while on study (95 % CI: 0-15 %). Thus, the study did not meet the primary efficacy criteria. Seven subjects achieved lesser PSA declines ranging from 3 to 20 %. Overall, a total of eight subjects (40 %) experienced any degree of PSA decline while on study (95 % CI: 19 %, 64 %). End of study PSA values were lower vs. baseline in three subjects while 17 subjects had higher end of study PSA values vs. baseline.
Pre-and on-study log 2 (PSA) trajectories (rates of change) were estimated using a mixed effects model. When evaluating the study population as a whole, the PSA rate of change was significantly modulated with the predicted doubling time increased from 6.1 months pre-treatment to 9.6 months ontreatment (p=0.044). This translates to an average of 57 % increase in PSADT while on study. Adverse events were all Grade 1 with exception of Grade 2 constipation that was experienced by one subject. The most common adverse events occurring in >15 % of subjects were GI disorders. Four subjects experienced bloating, diarrhea, and dyspepsia, and seven subjects experienced flatulence. There were three reports of general GI pain. Only one patient discontinued study treatment due to side effects from treatment -for Grade 1 GI pain. No clinically significant changes in testosterone, CBC, CMP, or thyroid function lab values were seen on study (data not shown).
Effects of GSTM1 genotype on PSA modulation
We measured GSTM1 genotype in all patients prior to treatment. Twelve of the subjects were GSTM1 intact. Eight subjects had a GSTM1 null genotype. This matches prior reports, which suggest a similar frequency of these two genotypes in the population. [13] Neither GSTM1 genotype was associated with a greater likelihood of PSA decline on study (data not shown). Additionally, there were no significant differences in pre-and on-study PSA trajectories based on GSTM1 genotype (data not shown).
Pharmacokinetics
We measured pharmacokinetic parameters of sulforaphane and its metabolites (Table 2) . Most sulforaphane pharmacokinetic parameters were similar between the two GSTM1 genotypes with the exception of sulforaphane half-life that was significantly longer in the GSTM1 null/null group (median 2.59 h vs. 2.09 h, p<0.05). No differences were seen in pharmacokinetic parameters of the sulforaphane metabolites: sulforaphane-CYS, sulforaphane-NAC, or sulforaphane-GSH according to GSTM1 genotype (Table 2) .
Pharmacodynamics
Baseline and on-treatment histone acetylation levels were measured with day one MC samples. Histone acetylation varied between patients. Time course from six patients showed a similar pattern of increasing acetylation post-dose, peaking at 30 min to 1 h and again at 6 to 8 h post-dose. Representative Western blots are shown in Fig. 2 . Time courses from 14 patients showed no increase in histone acetylation compared to baseline. There was no correlation between increase in MC histone acetylation and PSA declines, although the small sample size and low number of patients with ≥50 % PSA declines limited this analysis (data not shown). 
Discussion
The results of this study demonstrate that treatment with 200 μmoles of sulforaphane-rich broccoli sprout extracts daily does not lead to ≥50 % PSA declines in a high proportion of men with recurrent prostate cancer. Indeed, only one patient out of 20 had a ≥50 % PSA decline, the primary endpoint of this study. Smaller declines in PSA were seen in seven patients. Despite the lack of efficacy, treatment with 200 μmoles of sulforaphane daily was well-tolerated with no Grade 3 or 4 AEs, suggesting that the dose tested is well below the maximally tolerated dose. The primary endpoint for this study was chosen based on prior pre-clinical work, including our own. That work demonstrated that sulforaphane treatment suppressed AR expression, expression of the AR target gene KLK3 that encodes for PSA, and prostate cancer cell survival. [9] Additionally, ≥50 % PSA declines were not seen with placebo treatment in prior placebo-controlled studies in this patient population. [31, 32] Thus, achieving a ≥50 % PSA decline in this single arm trial would provide evidence for sulforaphane activity at this dose level. [31, 32] There are several possible explanations for the low observed rate of ≥50 % PSA decline in our study. First, it is possible that the dose of sulforaphane we chose was too low.
Pre-clinical studies demonstrate a dose-dependent anti-tumor effect for sulforaphane in cancer cells. [7, 9] However, the necessary toxicological studies to perform a dose-escalation trial had not been performed with the sulforaphane formulation we tested. For that reason, we choose to test a dose of 200 μmoles of sulforaphane -the highest dose that had been used clinically and the dose that the U.S. FDA granted us permission to test. Treatment at this dose was well-tolerated. Indeed, no Grade 3 adverse events were seen in our study, which matches prior studies using a similar dose of this same sulforaphane formulation. [17, 18] Therefore, it is clear that further dose escalation of sulforaphane is possible. However, before these studies may proceed, the necessary pre-clinical animal toxicology studies with dose escalation must be completed with the sulforaphane extracts used herein or another sulforaphane formulation.
Second, it is possible that our sulforaphane treatment schedule was not optimal. Indeed, our PK studies demonstrate that sulforaphane was rapidly cleared from the bloodstream with a half-life of 2.55 hours. Thus, more frequent dosing of sulforaphane than the daily dosing schedule we chose may lead to more sustained drug levels.
PSA declines that did not meet the primary endpoint were seen in an additional seven subjects of our 20 patient cohort and ranged from 2 to 20 % declines in PSA levels. Three of 20 subjects had lower PSA levels at the end of study vs. baseline, while 17 subjects had higher end of study PSA levels vs. baseline. We also measured PSADT in our study because PSADT is a strong predictor of risk of metastases and death in patients with PSA-only recurrence of prostate cancer. [33] We observed a significant increase in PSADT for all 20 patients on-study compared with their pre-treatment PSADT [6.1 months pre-treatment vs. 9.6 months on-treatment (p= 0.044)]. Prior placebo-controlled trials in this patient population have been conducted with celecoxib or rosiglitazone; both placebo and study drug treatment on those trials led to a similar lengthening of PSADT. [31, 32] Thus, while these PSADT results are intriguing, the lack of a placebo control arm in our study limits their interpretability.
To understand the role of the sulforaphane clearance enzyme GSTM1 in sulforaphane clearance and treatment effect, we measured GSTM1 genotype in all subjects prior to study treatment. The prior epidemiological literature demonstrated Western blots were used to measure levels of acetylated histone H3 (AcH3) and Actin. Blots from three patients are shown conflicting information on the risk of prostate cancer with high consumption of cruciferous vegetables based on GSTM1 genotype. [14, 15] Other feeding studies showed higher sulforaphane blood concentrations amongst individuals with GSTM1 null genotypes, and dietary studies showed differential gene modulation in human prostate tissue based on GSMT1 genotype. [5, 16] In our study, fully soluble sulforaphane-rich broccoli sprout extracts rather than whole foods were administered. We also saw a small but statistically significant increase in sulforaphane half-life in GSTM1 null individuals (median 2.59 h vs. 2.09 h, p<0.05) ( Table 2) . Despite the longer sulforaphane half-life, the clearance of sulforaphane was similar between both GSTM1 groups, and levels of the sulforaphane metabolites were also similar in both GSTM1 genotype groups ( Table 2 ). It is possible that the dosing schedule, discussed above, precluded us from detecting the impact of GSTM1 genotype on drug exposure. However, the lack of relationship between GSTM1 genotype and sulforaphane metabolites, especially sulforaphane-GSH, also demonstrates the importance of identifying other pharmacogenetic factors that contribute to sulforaphane metabolism and clearance.
We also examined the association with GSTM1 genotype and ≥50 % PSA declines or PSA trajectories, and no associations were seen (data not shown). Less is known about other pharmacogenetic determinants of sulforaphane metabolism in humans. However, these data demonstrate the importance of identifying other patient factors that contribute to sulforaphane metabolism and clearance.
Finally, prior work demonstrates that sulforaphane suppresses the function of HDAC enzymes in cancer cells and in human MCs. [9] [10] [11] Therefore, we measured levels of histone acetylation in MCs. Western blots from MCs in six of our subjects showed increased histone acetylation with sulforaphane treatment; we did not see an effect on histone acetylation in the other 14 subjects, and most of these patients had undetectable levels of histone acetylation in their MCs to begin with (Fig. 2) . Increase in histone acetylation was not associated with either GSTM1 genotype or plasma levels of sulforaphane, although this study was not powered to adequately assess these correlations (data not shown). However, the fact that MC histone acetylation did not correlate with PSA declines suggests that measuring MC histone acetylation has limited utility as a marker of sulforaphane on-target effects, at least with this dose of sulforaphane.
None of the patients in our study had tumors suitable for biopsy, so we were unable to correlate MC histone acetylation changes with those in tumor cells or to identify other markers of sulforaphane treatment effect. There are several ongoing studies (NCT01265953 and NCT00946309) that are using the same sulforaphane-rich extracts studied herein. These trials focus on sulforaphane treatment in patients prior to prostate biopsy or radical prostatectomy and will help to clarify the anti-tumor efficacy, target engagement, and achievable tissue levels of sulforaphane. These studies may also identify other valuable, readily measurable pharmacodynamic markers of sulforaphane treatment effect. If those studies, like ours, fail to show significant anti-tumor activity or target engagement, dose escalation studies of sulforaphane may be warranted before abandoning sulforaphane as a cancer treatment or prevention agent.
In summary, our results demonstrate that treatment with 200 μmoles of sulforaphane does not lead to large reductions in PSA levels in the vast majority of patients. While this trial did not meet its primary endpoint, sulforaphane treatment was safe, and we further clarified the pharmacokinetics of treatment with 200 μmoles of sulforaphane-rich broccoli sprout extracts. We look forward to ongoing and future sulforaphane studies that build on these results and that further clarify the safety and anti-tumor efficacy of sulforaphane treatment.
